Recent reports have shown that Tregs proliferate and retain their antigen-dependent suppressive functions when the APCs are antigen-loaded mature dendritic cells (DCs) (16-18). When Tregs specific for a pancreatic islet ␤ cell antigen are stimulated by DCs together with IL-2, the expanded antigen-specific T cells regulate the development of autoimmune diabetes in nonobese diabetic mice and do so much more effectively than polyclonal populations (18). From the perspective of suppressing unwanted immune reactions, preferential expansion of antigen-specific Tregs will also avoid complications likely to be incurred if therapeutic T cells were contaminated with Tregs that suppress resistance to infections and tumors.
N aturally occurring CD25
ϩ CD4 ϩ regulatory or suppressor T cells (Tregs) represent 5-10% of CD4 ϩ T cells in mice and are also found in human blood (1) (2) (3) (4) . Tregs maintain immunological self tolerance, preventing autoimmunity (1, 2) . Tregs also control immune responses to tumors, infections, allergens, and transplants (5) (6) (7) (8) (9) (10) . The development of Tregs requires the transcription factor Foxp3, which currently is their most selective marker (11) (12) (13) (14) (15) . It is important to understand how antigenpresenting cells (APCs) control the function of Tregs and to establish whether antigen-specific Tregs are the major mediators of tolerance in vivo.
Recent reports have shown that Tregs proliferate and retain their antigen-dependent suppressive functions when the APCs are antigen-loaded mature dendritic cells (DCs) (16) (17) (18) . When Tregs specific for a pancreatic islet ␤ cell antigen are stimulated by DCs together with IL-2, the expanded antigen-specific T cells regulate the development of autoimmune diabetes in nonobese diabetic mice and do so much more effectively than polyclonal populations (18) . From the perspective of suppressing unwanted immune reactions, preferential expansion of antigen-specific Tregs will also avoid complications likely to be incurred if therapeutic T cells were contaminated with Tregs that suppress resistance to infections and tumors.
We will show here that DCs expand alloantigen-specific Tregs from polyclonal starting populations, which initially have little specific suppressive activity. The DCs prove to be much more effective than a standard source of spleen APCs in expanding Tregs and maintaining high Foxp3 expression. When function is tested, DC-expanded Tregs exert more potent and antigenspecific suppression of transplantation immunity.
Results

Allogeneic DCs Are More Effective than Spleen Cells in Expanding
Tregs. Previously, we found that antigen-bearing DCs could expand Tregs from TCR transgenic mice (16) , and that the specific Tregs were more potent suppressors of autoimmunity than polyclonal populations (18) . To determine whether DCs could preferentially expand antigen-specific Tregs from polyclonal populations, we turned to the MLR and cultured CD25 ϩ CD4 ϩ T cells from BALB͞c H-2  d mice with allogeneic B6 H-2   b DCs. Others had found that Tregs could expand with spleen cells as APCs, and that these suppressed graft-versus-host disease (GVHD) (19) (20) (21) , skin graft rejection in nude mice (22) , and allogeneic bone marrow transplants (23) . However, we noted that the expansion of CD25 ϩ CD4 ϩ T cells in the presence of IL-2 was much weaker with splenic APCs than DCs, both spleen CD11c ϩ DCs and bone marrow-derived DCs (BM-DCs) that had been matured with or without LPS stimulation. This was the case whether T cell responses were monitored by 3 H-thymidine uptake (Fig. 1A) or expansion of cell numbers (typically 2-to 5-fold; data not shown). The expansion of Tregs increased progressively as the dose of IL-2 was increased from 20 to 500 units͞ml (data not shown). We also purified CD62L ϩ or CD62L Ϫ fractions of Tregs. The allogeneic DCs induced strong proliferation of both CD62L ϩ and CD62L Ϫ Treg fractions from naïve mice, and proliferation again depended upon the dose of IL-2 (Fig. 1B) . The T cells also responded to syngeneic BM-DCs (Fig. 1B) , which is consistent with prior data that antigen-specific TCR transgenic Tregs respond to mature DCs without added antigen (16, 18) . Therefore, mature DCs and IL-2 effectively expand Tregs from naïve mice in the MLR.
Phenotype of Tregs, Including Foxp3 Expression, After Expansion with
Allogeneic DCs. We then verified that the typical markers of Tregs were maintained when DCs were used to expand CD62L ϩ or CD62L Ϫ CD25 ϩ CD4 ϩ T cells for 1 or 2 wk in the MLR. The T cells expressed high levels of CD25, GITR, and CD62L (in the case of CD62L ϩ CD25 ϩ fraction), but low CD103 (Fig. 6 , which is published as supporting information on the PNAS web site). We then tested Foxp3 expression. Staining with anti-Foxp3 was observed primarily in CD25 ϩ CD4 ϩ T cells in fresh spleen, as expected ( Fig. 2A ). When we assessed Foxp3 expression in Thy1.1 ϩ CD25 ϩ CD4 ϩ T cells from B6 mice that had been cultured 7 days with allogeneic APCs from Thy 1.2 ϩ BALB͞c mice, we noted that DCs sustained Foxp3 expression, which was increased in the presence of IL-2 (Fig. 2B) . Spleen APCs in contrast poorly sustained Foxp3 (Fig. 2B) . Similar results were seen when DCs and spleen APCs were used to expand syngeneic Tregs (Fig. 7 , which is published as supporting information on the PNAS web site). To test the need for CD28 costimulation in Foxp3 expression, we showed that CD80͞86 Ϫ/Ϫ allogeneic DCs expanded CD25
ϩ Tregs, although not as much as wild-type DCs (Fig. 2C) . Nonetheless, the T cells maintained Foxp3 expression when the DCs were CD80͞86-deficient (Fig. 2D) ϩ T cells. If the Tregs had been expanded with BALB DCs, they suppressed the MLR to BALB spleen APCs even at a 1:27 ratio, whereas SJL expanded Tregs (which are called ''third party'') required a 1:3 ratio to show some suppression, (Fig. 3 A and C) . In ''criss-cross'' experiments, we found that Tregs expanded with SJL DCs suppressed the MLR to SJL spleen APCs, again in small numbers, 1:27 ( Fig. 3 B and  C) . When freshly isolated Tregs were tested, some suppression of recovered T cell numbers was seen but only at a 1:3 suppressor-to-responder ratio (Fig. 3 A-C) . Therefore, not only do DCs expand the numbers of CD25 ϩ Tregs in the MLR, but also the expanded cells are far more active in suppressing a fresh MLR and in an antigen-specific manner.
Tregs Expanded with Syngeneic DCs and IL-2 Weakly Suppress the alloMLR. As mentioned above (Figs. 2 and 7) , Tregs expanded by syngeneic DCs and IL-2 express high levels of Foxp3, so we tested the suppressive function of Tregs from B6 mice that had been cultured with allogeneic BALB or syngeneic B6 DCs plus IL-2 (Fig. 4) . Allogeneic DC-expanded Tregs suppressed the MLR to BALB͞c spleen APCs strongly, even at suppressor-toresponder ratios of 1:27 or 1:81 (Fig. 4 A and B) , whereas syngeneic DC-expanded Tregs showed strong suppression only at 1:3 ( Fig. 4 A and B) . When we examined the MLR to third-party spleen APCs, both third-party and syngeneic DCexpanded Tregs showed weak suppression at higher 1:3 suppressor-to-responder ratios (Fig. 4 A and C) . These results extend those in Fig. 3 that DC-expanded Tregs are enriched for antigen-specific suppression of the MLR.
Antigen-Specific Suppression of GVHD by DC-Expanded Tregs. We then assessed suppressive function in vivo in a GVHD model. We first used bm12 recipients and B6 donors, which differ at three amino acids in the MHC II peptide binding regions (8, 20) . Freshly isolated CD25 Ϫ CD4 ϩ B6 T cells (10 5 ) were injected into sublethally irradiated bm12 hosts to initiate GVHD. We coadministered 10 5 B6 Tregs that had been expanded with DCs from either antigen-specific bm12 or third-party CBA mice (Fig. 5A , open triangles and squares, respectively). All recipients of CD25 Ϫ CD4 ϩ T cells alone lost weight quickly and died by day 20. In contrast, mice receiving antigen-specific Tregs (expanded with bm12 DCs) survived 2 wk longer, whereas recipients of third-party CBA DC-expanded Tregs survived slightly longer ( Fig. 5A) . Next, we induced GVHD across a fully MHCmismatched BALB and B6 combination. Again, we observed a 2-wk retardation of GVHD with DC-expanded, alloreactive Tregs (Fig. 5B, open triangles) . Although syngeneic DCexpanded Tregs expressed Foxp3 at high levels (see Fig. 7 ), all recipients of syngeneic DC-expanded Tregs lost weight and died by day 25 (Fig. 5B, open diamonds) . We further compared B6 Tregs that had been expanded in vitro with either BALB͞c H-2 d DCs or CBA H-2 k DCs (third party). Tregs expanded with BALB DCs were more effective than Tregs expanded with third-party DCs (Fig. 5C) . Therefore, when Tregs are expanded from polyclonal populations with allogeneic DCs, the T cells specifically suppress transplant reactions across MHC barriers in vivo.
Discussion
To understand the control of Tregs, it is important to address APC requirements. In the thymus, mature DCs can expand and differentiate Tregs (24) . In the periphery, mature DCs also expand functional Tregs (16) (17) (18) . The latter may be important during infection, when DCs are presenting microbial antigens, because there is likely to be concomitant presentation of self and environmental antigens. For example, when DCs present microbial antigen at a mucosal surface during a cytopathic infection, the DCs are capturing dying infected self tissues and environmental proteins. Because Tregs suppress autoimmunity and chronic inflammatory disease, the repertoire of Tregs likely contains cells reactive with harmless self and environmental antigens. The capacity of maturing DCs to expand Tregs should then reduce the risk of auto-and environmental immunity. In tumors, DCs produce TGF-␤ to expand Tregs (25) . DCs also influence the formation IL-10-producing Tr1-type Tregs (26, 27) and natural killer T cells (28) , including Tr1 cells that suppress allergy (29) . DCs therefore control several suppressive forms of immune silencing or tolerance.
We have now addressed the capacity of DCs to expand antigenspecific Tregs from a polyclonal repertoire. Since the pioneering research of Dye and North (30) on the capacity of suppressor T cells to regulate antitumor immunity, it has been known that antigenspecific Tregs are pivotal in suppressing responses by other effector T cells (30) . We have assessed alloreactive Tregs, where the existence of alloantigen-specific suppressors has been controversial. Some studies find that these cells do not suppress transplantation immunity in an antigen-specific way, whereas others report contrary evidence (reviewed in refs. 9 and 10).
Our results suggest that a critical variable is the degree to which Tregs have responded to mature DCs that bear specific transplantation antigens. Naïve Tregs from lymphoid tissues suppress the MLR weakly. However, mature DCs, together with IL-2, stimulate a 2-to 5-fold expansion of CD25 ϩ CD4 ϩ T cells in the MLR. At the same time, there is a 3-to 10-fold expansion in the capacity of the expanded Tregs (on a per-cell basis) to suppress transplant immunity in vitro and in vivo in an antigenspecific manner. In other words, if H-2 d DC from BALB͞c mice are used to expand Tregs from H-2 b B6 mice, the DC-expanded Tregs suppress the response of B6 CD25 Ϫ CD4 ϩ T cells Ϸ10 times better if the stimulators are BALB͞c rather than thirdparty H-2 s SJL mice (Fig. 3) . Reciprocally, if the Tregs are expanded with SJL DCs, they suppress the MLR to SJL much better than to BALB.
We also find that mature DCs, but not spleen cells, are effective APCs to expand Tregs and increase their specific suppressive activity. In prior studies, Tregs expanded with splenic APCs were unable to exert antigen-specific suppression in vitro (19, 21) , except for one recent report (22) . Presumably, bulk populations of splenic leukocytes lack sufficient mature DCs to clonally select and expand antigen-specific Tregs.
The recent availability of effective antibodies to Foxp3, a critical transcription factor for the development of Treg (11) (12) (13) (14) (15) DCs. BM-DCs were derived with granulocyte͞macrophage (or granulocyte-macrophage) colony-stimulating factor (16). On day 5, LPS (Sigma-Aldrich) was added at 50 ng͞ml for 16 h to increase the yield of CD86-high mature DCs, but functionally similar DCs, for expanding CD25 ϩ CD4 ϩ T cells, could be obtained without LPS by disrupting the cultures at day 5 and transferring to new wells (16) . Spleen CD11c ϩ DCs were selected with anti-CD11c beads (Miltenyi Biotech) (16) . expansion, DCs were depleted with anti-CD11c MACS microbeads to provide Ͼ98% Tregs. We did not try to scale up Treg production with larger culture vessels or repeated stimulations.
MLR. Fresh CD25
Ϫ CD4 ϩ T cells (10 5 ) were responders to one to three ϫ 10 5 whole spleen cell stimulators (15 Gy GVHD. BALB͞c or bm12 mice were irradiated sublethally and 6-8 h later, transferred with alloreactive B6 CD25 Ϫ CD4 ϩ T cells (8, 20) with or without Tregs (expanded by syngeneic, allogeneic, or third-party DCs). The drinking water had 1.1 mg͞ml neomycin sulfate and 1,000 units͞ml polymyxin B sulfate (Sigma).
